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Abstract
Ion cyclotron resonance frequency heating (ICRH) is one of the most important
mechanisms to heat fusion plasma. The magnetic field generated by the magnetic
coils forces ions to follow a cyclotron trajectory around the magnetic field lines due
to the Lorentz force. Therefore, ions revolve around the magnetic field lines in
a determined frequency, the so called ion cyclotron frequency. ICRH is based on
launching electromagnetic waves from the low-field side in such a way that their
frequency matches the one from ions cyclotron frequency. When both frequencies
match, another effect begins to occur, the wave-particle interaction. At this point, ions
start damping the wave by absorbing its energy. This effect modifies the distribution
function of ions which develops a tail in the high energy region. The fast ions produced
by the energy absorption from the electromagnetic waves play an important role in
heating the bulk plasma. Therefore, it is crucial to know how the energy of the wave
is distributed among ions and electrons, and how the fast ions produced deliver their
energy to the other particles, ions and electrons.
This Msc thesis is a first computational assessment of bulk plasma heating for
DEMO. The DEMOnstration power plant is a proposed nuclear fusion power plant
that is expected to be built after the experimental reactor ITER. It will be the first
fusion reactor to produce electrical energy. Its parameters and scope are still not fixed
yet, a few different yet similar designs exist. However, the physical dimensions and
energy output in DEMO are much bigger than that of ITER. In fact, DEMO’s 2 to 4
gigawatts of fusion power will be in the scale of the modern electric power plants.
In this sense, the analysis here presented, takes into account the evolution of the
fast ions and assesses their behavior at DEMO. The ICRH scenarios studied are the
second harmonic tritium with and without 3He in D-T plasma as they are regarded
as the most promising ICRH scenarios. Plasma parameters, as temperature T and
electron density ne, are scanned in order to obtain the behavior of the fast ions. A
DEMO design point which has been used to perform deeper analysis for a determined
case has been established at T = 30 keV , ne = 1.2 · 1020 m−3. The analysis has been
carried out using the PION code. PION has been extensively benchmarked against
xJET results. It is able to solve the evolution in time of the distribution function and
to compute the absorption of the electromagnetic wave. This problem must be solved
self-consistently. PION simulations consist in a number of time steps. First of all, for
each time step, the power absorbed is calculated. This information is then used for
computing the distribution function with a Fokker-Planck model, which will be used
to compute the absorption power at the beginning of the next time step. This process
is repeated iteratively until convergence is reached.
The results obtained in this work are two: i) the bulk ion heating and ii) fast ion
parameters. We have noticed that by placing the resonance region slightly closer to
the outer side the bulk ion heating is improved in both scenarios by reducing the
direct electron damping. The values for bulk ion heating of a 100 MW electromagnetic
wave launch are 55.84 MW for a plasma with 3% of 3He and 43.00 MW for a plasma
without 3He. The plasma without the 3He dilution shows a higher reaction rate and
also its fast ions are considerably more energetic. So, as the minority heating scenario
has an enhanced bulk ion heating, the second harmonic tritium scenario presents two
advantages, firstly that no 3He is required and secondly that there is no 3He dilution.
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Chapter 1
Introduction on basic fusion
concepts
1.1 Fusion Process
Nuclear fusion is a nuclear reaction in which two or more light nuclei collide to produce
a heavier nucleus. This is an exothermic reaction for nuclei that have an atomic number
Z < 26. In Fig. 1.1, we can see that the binding energy in the nucleus tends to increase
in average for all the elements that have an atomic number smaller than the one of
iron (Fe, Z = 26). Therefore, these elements will provide energy while fusing. This
phenomena can be observed inside the stars.
Indeed, the star’s nucleus fuses its elements starting by hydrogen until iron. The
star extracts energy from these reactions equaling the energy lost by radiation which
avoids gravity to make the whole star collapse. Once the fusion reactions stop at iron,
the star will not keep fusing iron because the reaction turns to be endothermic. Hence,
the nucleus will start to collapse because of gravity. Afterwards, many phenomena can
arise, from supernovas to black holes. All the elements heavier than iron have been
formed in supernovas where the energy released allows the fusion of iron to occur.
In this thesis the fusion reactions for light nuclei are treated, mainly isotopes of
hydrogen (H), deuterium (D=2H) and tritium (T=3H). This means that the fuel could
be water. The sea would become a virtually infinite source of fuel. Having a look at
the D-T nuclear reaction,
D + T →4 He (3.5 MeV ) + n (14.1 MeV ),
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Fig. 1.1 Average binding energy, showing the fusion and fission region.
where the numbers in parenthesis are the average kinetic energy for each particle, the
sum of all these kinetic energies is the energy of the fusion reaction. For the D-D
reaction there are two possibilities with equal probability
D +D →
 T (1.01 MeV ) + p (3.02 MeV )3He (0.82 MeV ) + n (2.45 MeV )
and,finally, for the D-3He reaction,
D +3 He→4 He (3.7 MeV ) + p (14.7 MeV ).
As one can notice from the products of these reactions no toxic wastes are obtained,
making this energy clean in contrast to fission energy. Nuclear fission is the opposite
process to nuclear fusion. In the actual nuclear power plants fuel assemblies made
of enriched Uranium are bombarded with neutrons. The 235U absorbs one of these
neutrons becoming momentaneously an atom of 236U which will split in two lighter
elements and three fast neutrons which will be absorbed by other atoms of 235U after
slowing-down (moderating), this process is the so called chain reaction and is the
phenomena used in the nuclear power plants. Many of the fission products formed
during the operation in a nuclear power plant have really large half-lives and are
extremely radioactive. In the other hand, in the fusion process the production of
tritium which undergoes β-decay is an isotope that has a short half-live of 12.26 years.
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It is important to introduce the concept of the cross section. These reactions do
not occur spontaneously in ambient conditions. The cross section is a magnitude in
surface units which gives information on the probability of the reaction. As seen in Fig.
1.2 the easiest fusion reaction to obtain is the D-T one. The yield of the D-T reaction
is the best in the range of 10-100 keV.
Fig. 1.2 Fusion cross section for typical pair reactions. Jarvis, O. N. "Nuclear Fusion
4.7.4." Nuclear Fusion 4.7.4. National Physical Laboratory, 2011.
1.2 Fusion Methods
The most relevant ways to produce fusion energy are: magnetic and inertial confinement.
Inertial confinement fusion (ICF) is a type of fusion energy research that attempts to
initiate nuclear fusion reactions by heating and compressing a fuel target, typically in
the form of a pellet that most often contains a mixture of deuterium and tritium [16]. A
laser or an ion beam directed onto a tiny deuterium-tritium pellet, the enormous energy
influx evaporates the outer layer of the pellet, producing energetic collisions which drive
part of the pellet inward. The inner core is increased a thousandfold in density and its
temperature is driven upward to the ignition point for fusion. Accomplishing this in
a time interval of 10−11 to 10−9 seconds does not allow the ions to move appreciably
because of their own inertia; hence the name inertial confinement.
The plasma is a gas made of electrons and ions and,therefore, is a really good
conductor. Applying a magnetic field produces a Lorentz force that will restrict the
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particles’ movement. The following equation in cylindrical coordinates shows the
cyclotron motion for an individual particle,
z⃗ = (v∥t)zˆ
r⊥ = rcρˆ =
v⊥
ωc
cos(ωct+ ϕ)ˆi+
v⊥
ωc
sin(ωct+ ϕ)jˆ,
(1.1)
where v∥ is the parallel velocity to the magnetic field, rc = v⊥ωc is the cyclotron radius,
ωc = ZeBmi is the cyclotron frequency and ϕ is an arbitrary phase angle, a scheme of
the motion can be seen in Fig. 1.3. Notice that eq. (1.1) is valid for both, ions and
Fig. 1.3 Cyclotron motion of an ion under Lorentz force produced by a magnetic field.
electrons, while they will rotate in opposite directions due to their different sign of
charge. Eq (1.1) defines helical motion and, therefore, plasma is confined with a force
perpendicular to the field lines. A problem arises at the end of these field lines, where
particles lose the Lorentz force. Two main devices for magnetic confinement have
been designed so far with magnetic field lines that bend over themselves: the tokamak
(ideally has axial symmetry) [24] and the stellarator (non axial symmetry) [23]. The
tokamak (Fig. 1.4) is a toroidal device containing the plasma which is confined by a
large toroidal magnetic field Btor created by coils outside the vacuum vessel. There are
the inner poloidal field coils at the center of the tokamak which induce a current Ip
in the plasma in the toroidal direction. This current induces the poloidal magnetic
field Bpol (Btor >> Bpol) that maintains the plasma in radial equilibrium, avoiding
the outward radial particle drift. The total magnetic field is helical and its profile is
roughly proportional to B ∝ 1
R
where R is the radial distance from the torus axis.
On the other hand, a stellarator (Fig. 1.5) also has a toroidal topology but it has
no axial symmetry. The coils forming the torus are twisted producing a non uniform
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magnetic field around the torus. Normally a stellarator has a discrete symmetry. The
object of a stellarator is to avoid the particles drift by bending the magnetic field lines
and, therefore, obtaining an increased stability of the plasma. There are no central
coils as in a tokamak so stellarators usually do not produce a current in the plasma,
avoiding the instabilities associated with the current, this fact also make stellarators
being able to be in operation for an indefinite time as opposed to tokamaks that are
limited by the pulse time. Their design is way more complicated than for tokamaks
and the experiments are also harder to be carried out, these two facts have forced the
scientific community to rely mainly on tokamaks which are the most advanced fusion
device.
Fig. 1.4 Main scheme of a tokamak. Courtesy of Institute for Plasma Physics Max-
Planck.
Fig. 1.5 Main scheme of a stellarator. Courtesy of Institute for Plasma Physics
Max-Planck.
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These devices have not reached a positive energetic balance so far, i.e. they consume
more energy than they return. This fact is measured with the Q-factor which is the
ratio between the output and the input power. We are getting close to the breakeven
where Q→ 1. The purpose is to one day achieve ignition where the plasma uses its
own energy to keep producing fusion (Q → ∞). The International Thermonuclear
Experimental Reactor, ITER, will be the next step-device, trying to reach Q > 5.
Then, the DEMOnstration Power Plant, DEMO, is intended to be built upon the
expected success of ITER. It will be the first fusion reactor connected to the grid.
DEMO is the reactor design treated in this work from the ion cyclotron resonance
frequency heating (ICRH) point of view in sec. (1.3).
The following table (Table 1.1) shows the dimensions and main parameters of some
actual tokamaks against ITER and DEMO.
Parameter DEMO ITER JET ASDEX Upgrade
Major radius R0 (m) 9.25 6.2 2.96 1.65
Minor radius r (m) 2.64 2 1.25-2.10 0.5-0.8
Toroidal magnetic field B (T) 6.8 5.3 3.45 3.1
Plasma current Ip (MA) 18.6 15 4.8 1.6
Fusion power (MW) 2119 400-500 16 -
Table 1.1 Future and present fusion reactors dimensions and main parameters.
Fig. 1.6 Simplified tokamak geometry.
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1.3 DEMO
The DEMOnstration power plant is a proposed nuclear fusion power plant that is
expected to be built after the experimental reactor ITER. It will be the first fusion
reactor to produce electrical energy. Its parameters and scope are still not clear and
exist some different but similar designs. However, the physical dimensions and energy
output are much bigger than that of ITER. In fact, DEMO’s 2 to 4 gigawatts of fusion
power will be in the scale of the modern electric power plants.
The design for DEMO used in this work is compared with ITER design in ( Table
1.2).
Parameter DEMO1 ITER JET
Major radius R0 (m) 9.25 6.2 2.96
Minor radius r (m) 2.64 2 1.25-2.10
Toroidal magnetic field B (T) 6.8 5.3 3.45
Plasma current Ip (MA) 18.6 15 4.8
Safety factors q0 and q95 1.1, 3 1.0, 3.5 1.0, 5.0
Elongation κ 1.52 1.7 1.68
Triangularity δ 0.33 0.33 0.4
Plasma volume (m3) 2009 831 100
Fusion power (MW) 2119 400-500 16
Electric output power 500 - -
Table 1.2 DEMO, ITER and JET parameters.
The major radius R0 is the radial distance from the center of the tokamak to the
center of the poloidal section. The minor radius is the radial distance from the center of
the poloidal section to the surface of the torus (Fig. 1.6). In fact, the actual geometry
of the poloidal section is not circular shaped but D-shaped (Fig. 1.7). First tokamaks
had circular sections but plasma physics showed that D-shaped sections lead to a better
performance improving turbulence and perturbation in the plasma. Elongation and
triangularity are two parameters that arise from D-shape poloidal sections. Elongations
is the ratio between both minor radius (Fig. 1.7),
κ = b
a
1We are grateful to Dr. T. Franke and Dr. R. Wenninger (PPPT, Garching) for DEMO parameters.
They are for the EU DEMO design optimised for a maximum pulse length of 2.3 hrs (with CD 2.7hrs)
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, triangularity is the ratio between the difference between the major radius and the
top radius Rtop and the minor radius a,
δ = R0 −Rtop
a
.
The safety factor is the inverse of the rotational transform. The rotational transform
is defined as the mean number of toroidal cycles (m) over the poloidal cycles (n),
q = dϕ
dθ
≃ rBt
RBp
,
here ϕ is the toroidal angle and θ is the poloidal angle, Bt is the toroidal magnetic field
and Bp is the poloidal magnetic field generated by the current Ip. The safety factor
needs to have a value higher than 2 at the edge of the plasma surface, typically at
the flux surface that encloses the 95% of the plasma, if not the plasma is said to be
magnetohydrodynamically unstable.
The fusion power is the total energy released in the fusion reactions while the
electric output power is the actual fraction of these energy that is extracted for the
electrical grid. DEMO is the only one with electric output power since is the only one
that will be connected to the electrical grid. As one can notice the dimensions tend
to be bigger for each newer fusion reactor in order to be capable of producing and
containing more energy.
1.4 Plasma Heating methods
Plasma needs to be heated in order to produce a relevant number of fusion reactions.
The ohmic heating produced by the plasma current decreases substantially as the
temperature increases because its resistivity decreases rapidly with temperature. Two
main methods are used to increase plasma temperature externally: neutral beam
injection (NBI) and radio frequency (RF) heating . In neutral beam injection a beam
of neutral particles are injected into the plasma. These neutral particles get ionised
and slowed-down by Coulomb collisions while heating the background plasma. In radio
frequency heating, the energy of electromagnetic waves launched by external antennas
is absorbed at the plasma resonances.
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Fig. 1.7 Detail of the D-shape poloidal cross section.
1.5 RF heating types and structure
The topic treated in this thesis is the ion cyclotron resonance frequency heating (ICRH).
In this section we discuss about other current methods like electron cyclotron heating
(ECH) and lower hybrid current drive (LHCD) and the structures that produce the
electromagnetic waves that propagate inside the plasma [8].
Fig. 1.8 Scheme of the launching structure.
The basic scheme of an ICRH system is presented in Fig. 1.8. This structure is
mainly composed by a source which sends the the wave along a transmission path to a
launching structure at the plasma edge. The source is driven by a high-voltage power
supply, which in turn is driven by a standard 60 Hz power. ECH and ICRH require
different frequencies as the cyclotron frequency of electrons is different from ions due
to their difference in mass. Normally for ECH a frequency of fce ≃ 150 GHz is needed
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while for ICRH it is fci ≃ 50 MHz. The numbers given are just an approximation as
they can vary upon the magnetic field applied. For LHCD an intermediate frequency
is used, typically of fLH = 3 GHz. These frequencies are matched by various types of
RF sources:
1. High power vacuum tubes (f < 100 MHz)
2. Klystrons (microwaves) (f ∼ 1− 10 GHz)
3. Gyrotrons (submillimeter waves) (f ∼ 10− 300 GHz)
So ICRH is driven by high power vacuum tubes while klystrons are used for
LHCD and gyrotrons for ECRH. While high power vacuum tubes and klystrons are
technologically well developed in terms of power and steady state operation gyrotrons
still need to be developed to become more reliable.
Regarding to the transmission lines there are three basic ways in which the electro-
magnetic energy can be transmitted from the source to the plasma: waveguides, a two
wire transmission line and standard electrical wire. To choose the correct transmission
method one has to compare the wavelength of the RF waves and the length of the
transmitting structure.
The appropiate way to transmit the power for ICRH frequency fci ∼ 50 MHz is
the two wire transmission line as
L ≥ λ≫ Lt.
Here L stands for the length of the transmission line, λ is the wavelength of the
electromagnetic wave and Lt is the transverse length of the transmission line, see Fig.
1.9. For 50 MHz λ = c/f = 6 m which satisfies the previous condition. The RF power
propagates as a pure transverse electromagnetic wave.
Fig. 1.9 Scheme of a wavelength and the transmission line dimensions.
Waveguides are used for the transmission of RF power in ECRH and LHCD. This
is the case when
L≫ λ ∼ Lt.
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For an ECRH frequency of fce ∼ 150 GHz this corresponds to λ = c/f = 2 mm while
for LHCD of fLH ∼ 3 GHz → λ = 10 cm . ECRH power is often transmitted by
means of a waveguide with a small cross sectional dimension while in LHCD standard
waveguides are used.
The interface between the transmission line and the plasma edge is called the
launcher. Each type of RF heating method uses a different type of launcher. ICRH uses
an antenna placed inside the vacuum chamber, for LHCD the launcher is a waveguide
array and for ECRH an RF mirroring system is used. Normally, for ICRH, ECRH
and LHCD the launcher is located at the outer wall of the tokamak for geometric
accessibility.
In ICRH the biggest problem is the proximity of the antenna to the plasma edge.
The high voltages applied can cause arcing and the plasma breakdown which are both
undesirable effects. There is not the possibility to just move the antenna further from
the plasma as this is a requisite in order to couple the electromagnetic wave with the
plasma and avoid an evanescent region (see sec. 2.2.1). The structure of the antenna
determines the parallel wavenumber k∥ while the frequency of the wave ω is determined
by the RF source.
For LHCD, the problem lies from the need of spreading the power over a large
enough area so that high-voltage breakdown problems do not occur, a situation driven
by the small transverse dimensions of a single waveguide and the need to place the
launching structure near the plasma edge for good coupling. With a large number of
waveguides in the array the problem can be solved. Another problem is the need of
maintaining an insulated vacuum interface between the plasma and the waveguides.
The solutions is inserting a special sealed windows at the end of each array which
isolate the launcher from the plasma. This window has to accomplish two requisites:
it needs to have a low reflection factor in order not to lose efficiency and also a low
absorption factor to avoid thermal stresses on the window that could break it. As in
ICRH the arrangement of the waveguides and the relative phases of the electromagnetic
waves at the edge of the plasma determine k∥ and ω.
Problems for ECRH are similar to those of LHCD although the launcher can be
placed far from the plasma edge. Other problems are aggravated by the small transverse
length of the waveguides.
12 Introduction on basic fusion concepts
1.5.1 Ion Cyclotron Resonance Frequency Heating (ICRH)
In ICRH the electromagnetic wave launched by the antenna is absorbed by the ions,
although also electrons can absorb power. Ion absorption occurs when the ion cyclotron
frequency or its harmonic match the Doppler shifted wave frequency,
ω = k∥v∥ + lωc l = 0, 1, 2, ... (1.2)
Where k∥ is the parallel wave number, (parallel to the background magnetic field),
ωc is the cyclotron frequency, l stands for the harmonics of the wave, where l = 1 is
the fundamental while l > 1 is for the higher harmonics. As the cyclotron frequency is
proportional to ωc ∝ B ∝ 1R (Fig. 1.10), the location of the absorption can be controlled,
heating a precise area inside the reactor. The electric field of an electromagnetic wave
Fig. 1.10 Magnetic field (B) profile with different resonating layers. B0 is the value of
the magnetic field at the center of the poloidal section.
can be divided in two components. A component parallel to the background magnetic
field and another which is perpendicular. The parallel is small for waves in the ion
cyclotron range of frequencies and can be neglected while the perpendicular can be
divided in two components, a left circularly polarized component (E+) and a right
circularly polarized component (E−). E+ rotates in the same direction as ions while
E− is counter-rotating. If the angle between E+ and the perpendicular velocity of
the ion remains constant it will give rise to a net acceleration. Therefore, increasing
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the energy of the ions and modifying the tail (high energy part) of the distribution
function.
For the fundamental harmonic heating, neglecting the perpendicular wave number
(k⊥ ≈ 0) and assuming v⊥ = vx + ivy, and then, solving the differential equation for
the evolution of the velocity yields,
v⊥ = v0e−iωct +
eE+
m
te−iωct. (1.3)
Where v0 is the initial velocity and m is the ion mass. The first and second terms
are always in phase thus experimenting a net acceleration.
The absorption on higher harmonics is more complicated. For example, for the
second harmonic, the resonance between the particle and the wave is lost. However, if
the wave changes its amplitude in space, the particles will not be driven by a spatially
uniform sine wave in time anymore. This fact can lead to resonance condition again. It
occurs when the wavelength and the Larmor radius (rL radius of the ions orbit around
the magnetic field) are comparable. Therefore, the perpendicular wave number is no
more negligible k⊥ ̸= 0. This is called finite Larmor radius effect (FLR) and is the
responsible for absorption at higher harmonics.

Chapter 2
Physics of Ion Cyclotron
Resonance Frequency Heating
The basic physics and formalism used in ICRH, as well as the derivation of the most
important formulas are shown in this chapter. An explanation of the most relevant
concepts will be made. Finally, the cold plasma approximation is explained. It is
the fluid model that describes the propagation of the wave inside the plasma with a
high level of accuracy, although it cannot explain wave energy absorption nor mode
conversion. More detail in the ICRH theory can be found at Refs. [8, 20, 24]
2.1 Maxwell Equations for a plasma medium
The propagation of electromagnetic waves in a plasma is far too complicated to be
modeled by a simple permittivity (ε) or permeability (µ) as for dielectric or magnetic
materials. We will assume that the plasma particles are immersed in vacuum which is
characterized by ε0 and µ0. All the influence of the charged particles in the plasma will
be kept explicitly in J (the current density). This point is important since commonly
the dielectric media is discussed in terms of a dielectric constant (or tensor if anisotropic
media) and the polarization P which gives the response of the media to the electric
field applied. But recall that the media response is maintained in J instead than in P .
16 Physics of Ion Cyclotron Resonance Frequency Heating
In these conditions, Maxwell equations are written as follows,
∇× E⃗ = −∂B⃗
∂t
, (2.1a)
∇× B⃗ = µ0J⃗ + 1
c2
∂E⃗
∂t
, (2.1b)
∇ · E⃗ = ρ
ε0
, (2.1c)
∇ · B⃗ = 0. (2.1d)
Now by Fourier transform Maxwell equations, which will bring the equations in the
k-space and ω-space. The operators used in these equations turn in:
∂
∂t
→ −iω,
∇ → i⃗k.
Applying these changes in eq. (2.1a) and (2.1b) and substituting the magnetic field
of (2.1a) in (2.1b) the wave equation is obtained,
−k⃗ × k⃗ × E⃗ = −ω
2
c2
E⃗ − iωJ⃗ (2.2)
where k⃗ is the wave number and ω the frequency of the wave. There is a fluid model
sec. (2.3) that relates J⃗ and E⃗ in such a way that
J⃗ = σ¯ · E⃗ (2.3)
where σ¯ stands for a conductivity tensor, since the most general case must be assumed.
Introducing the index of refraction n⃗ = c
ω
k⃗ and the magnitude,
ε¯ = I¯ + i
ε0ω
σ¯, (2.4)
the desired expression of the wave equation eq. (2.5) is obtained,
n⃗× n⃗× E⃗ + ε¯E⃗ = 0, (2.5)
where ε¯ stands for the dielectric tensor and includes all the information about the
medium. The way to obtain this value is recalling that all the information of the
media is kept in the current J instead of P , so this is analogous to the standard way
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of interpreting Maxwell equations in which
i⃗k × B⃗ = µ0J⃗ext − iωµ0D⃗.
Where J⃗ext is the free current and D⃗ is the displacement vector. Now,it is said that,
i⃗k × B⃗ = µ0J⃗ − iω
c2
E⃗,
where this J⃗ contains the information of the media. So the new dielectric tensor will
take into account that J⃗ext = 0 and D⃗ = εε0E⃗,
−iωµ0εε0E⃗ = µ0J⃗ − iω
c2
E⃗ =⇒ ε = I¯ − σ¯
iε0ω
,
where the Ohm relation eq. (2.3) has been used. At this point it must be realised that
eq. (2.5) brings the desired relationship between the wave frequency ω and the wave
number k⃗. This relation is the dispersion relation D(ω, k⃗) = 0 or D′(ω, n⃗) = 0, the
matrix that defines this relation is det
[
n2(nˆnˆ− I¯) + ε¯
]
= 0. Finding the solution of
this determinant is the same as finding the eigenvalues of the system. In general there
will exist many roots, bringing many solutions, called modes. Each mode is a different
type of wave with a different perpendicular refractive index.
2.2 Basic concepts on wave propagation
2.2.1 Cutoffs and wave resonances
In the plasma there are regions where the refractive index (n⃗) or equivalently the wave
number (k⃗) can take extreme values. These regions are of special interest as they
give information regarding the wave propagation. Identifying kz = k∥ in the toroidal
direction and kx = k⊥ in the radial direction, it is seen that in order for the plasma
wave to propagate to the plasma center k⊥ needs to stay real.
When k2⊥ → 0 a cutoff region has been reached, in which the phase velocity goes to
infinity although the group velocity remains finite and under the speed of light (this is
the velocity of information). In this case, the wave gets reflected and the wave that
goes through this region, called an evanescent region, will exponentially decay since all
the roots are imaginary.
The other case, the resonance region, is where the opposite happens and k⊥ →∞.
Here the phase and group velocity tend to zero, and the transport of energy slowly
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decreases. In the cold plasma model, the energy is absorbed but if taking into account
kinetic effects like in the hot plasma model what really happens is that the wave
becomes another wave through mode conversion which is treated later in sec. (2.2.3).
Wave resonance is not the same as wave-particle resonance, which is the basic
mechanism in which the plasma absorbs energy from the waves. This is the way
in which plasma gets heated, wave-particle resonance occurs when the velocities of
particles are set properly permitting a large absorption of the wave energy. The
condition of wave-particle resonance is given by eq. (1.2).
2.2.2 Polarization
In optics the polarization of a wave is defined as the ratio between the perpendicular
components of the electric field to k⃗, as they are always perpendicular to the propagation.
In plasma physics the wave can have an electric field component parallel to k⃗ which
means that longitudinal waves exist in plasma. For typical propagations perpendicular
to the background magnetic field, two ways to define the polarization arise, one taking
into account the components perpendicular to the background magnetic field, so
P = iEx
Ey
. (2.6)
The other method is defining the wave based on the fact whether the wave has an
electric field component in the magnetic background direction or not. We might have
"O" mode, ordinary wave, or "X" mode, extraordinary wave, whether we have an electric
field component in the background magnetic field or not respectively.
2.2.3 Mode conversion
Mode conversion involves two different plasma waves. They both have same ω and k∥
but different values for k⊥. They are different roots of the same dispersion relation
(different modes). When at a certain point inside the plasma the profile of k⊥ evolves
in such a way that both values coalesce, mode conversion occurs. In the cold plasma
model it happens in the resonance region. The final result is that some energy of the
initial wave is transferred to the second wave which will propagate further into the
plasma according to its own dispersion characteristics.
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2.2.4 Accessibility
Accessibility is a concept that refers to the possibility of a plasma wave to reach the
desired location in which it can be absorbed. This is the analysis that takes into
account all of the phenomena involving the plasma propagation and confirms whether
a certain type of wave can reach the center or not. It is not trivial to avoid all the
cutoffs regions and reach the resonance region.
So, when a certain wave is said to have a good accessibility it means that it has a
big chance to reach the desired region. Accessibility also takes into account where the
waves are launched, i.e the wave can avoid certain cutoffs layers if the antenna is well
positioned. In a tokamak there exist two regions of special interest, the low-field side
(LFS) located at the outer boundary of the torus, and the high-field side (HFS) located
at the inner boundary. In ICRH, waves are launched from LFS to avoid technical
difficulties associated with locating antennas at the HFS (see sec. 1.4).
2.3 The Cold Plasma Model
In the cold plasma model the thermal velocity of the particles is much lower than the
phase velocity of the waves. As this is not true in the resonance region where the
phase velocity tends to zero, the cold plasma approximation cannot be applied in that
region. The plasma consists of different species, the movement of each species element
is dictated by the movement of corresponding single particle species. We assume small
perturbations about an equilibrium state [8]. So we can linearise the momentum
equations for both, electrons and ions,
me
(
∂v⃗e
∂t
+ v⃗e · ∇v⃗e
)
= −e(E⃗ + v⃗e × B⃗) (2.7a)
mi
(
∂v⃗i
∂t
+ v⃗i · ∇v⃗i
)
= −e(E⃗ + v⃗i × B⃗) (2.7b)
As we have small perturbations, the product of second order can be neglected. Therefore,
we have linear differential equations that we can make algebraic making the Fourier
analysis. Taking into account that the propagation inside the plasma is along x axis,
we have kx = k⊥. The components of the perturbed momentum equation become (both
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for electrons and ions),
−iωmvx = q(Ex + vyB0) (2.8a)
−iωmvy = q(Ey − vyB0) (2.8b)
−iωmvz = qEz (2.8c)
It is easy to obtain the velocities for these three algebraic equations,
vx =
q
m
iωEx − ωcEy
ω2 − ω2c
(2.9a)
vy =
q
m
iωEy + ωcEx
ω2 − ω2c
(2.9b)
vz =
iq
mω
Ez (2.9c)
where ωc = qB0m is the cyclotron frequency. Recalling eq. (2.3) and knowing that
J⃗ = en0(v⃗i − v⃗e) we can find easily that the conductivity tensor is,
σ¯ =

σxx σxy 0
σyx σyy 0
0 0 σzz
 (2.10)
It is easy now to build the dielectric tensor ε¯ recalling eq. (2.4),
ε¯ =

ε⊥ −iεxy 0
iεxy ε⊥ 0
0 0 ε∥
 (2.11)
Where,
ε⊥ = εxx = εyy = 1−
∑
j
ω2pj
ω2 − ω2cj
(2.12a)
εxy = −εyx = −
∑
j
ωcjω
2
pj
ω(ω2 − ω2cj)
(2.12b)
ε∥ = εzz = 1−
∑
j
ω2pj
ω2
(2.12c)
where the sums are over all particle species including electrons and ion species. Here
ωpj = nj(Zje)
2
ε0mj
is the plasma frequency. As we know the dielectric tensor, we can obtain
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the different roots for n⊥ from the dispersion relation. For the ICRH case we obtain
two different roots or modes which are the shear Alfvén or slow wave (2.13a) and the
fast magnetosonic or compressional Alfvén wave (2.13b)[18],
n2⊥SW =
(ε⊥ − n2∥)ε∥
ε⊥
Slow wave (2.13a)
n2⊥FW =
(ε⊥ − n2∥)2 − ε2xy
ε⊥ − n2∥
Fast wave (2.13b)
2.3.1 Accessibility of slow and fast waves
Simplified forms for the elements of the dielectric tensor can be introduced. Making use
of the small electron mass expansion, for most present day experiments the following
expansion is applicable,
ω2pe
ω2ce
≈ O(1), (2.14a)
ω2pi
ω2ci
≈ O
(
mi
me
)
, (2.14b)
ω2
ω2ci
≈ O(1), (2.14c)
ω2pe
ω2
≈ O
(
mi
me
)2
. (2.14d)
In order to make the analysis simpler, we will assume that in eqs. (2.13a) and (2.13b)
the parallel refractive index is zero, so n∥ = 0. Using the previous expansions we can
see immediately that the slow wave reduces to,
n2⊥ =
−ω2pe
ω2
(2.15)
Since it is negative, we assume that there is no accessibility to the center of the plasma,
so we must rely on the fast wave. More sophisticated analysis can be done by assuming
a value for n∥ ̸= 0, but one finds out that it cannot be applied in any case. A bit more
explanation can be done for the fast wave where if we assume again n∥ to be negligible
and for simplicity a plasma of only one ion species. We end up with,
n2⊥ =
ω2pi
ω2ci
(2.16)
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As we have a positive refractive index we assume that we have good accessibility to the
center of the tokamak. A more detailed analysis should be done taking into account
multiple ion species and n∥ ̸= 0. For one single ion species the resonance occurs (2.14b)
at ε⊥ = n2∥. This leads to the Alfvén resonance frequency ω2 = ω2cik2∥c2/(k2∥c2 + ω2pi).
This is always smaller than the ion cyclotron frequency, and if it occurs it is in the
inner plasma, the high-field side. For two ion species there are additional resonances
of the fast wave, if we again assume n∥ to be negligible, the resonances turn to be
identical to the ion-ion hybrid resonances given by ε⊥ = 0. This frequency for a case
of two species plasma is [14],
ω2ii = ω2c1
1 + f1Z1
(
Z2m1
Z1m2
− 1
)
1 + f1Z1
(
Z1m2
Z2m1
− 1
) (2.17)
Here we have used the charge neutrality condition Z1f1 + Z2f2 = 1 where fj = njne .
Mode conversion occurs at the ion-ion hybrid resonance which is not explained by the
cold plasma model. The mode converted ion Bernstein wave is rapidly absorbed via
electron Landau damping.
The cutoff layers are given by n2∥ = ε⊥+ εxy = R and n2∥ = ε⊥− εxy = L. Condition
R is one of the main issues in ICRH since it gives a cutoff layer in the low-field side.
This fact forces the antennas to be placed as close as possible to the plasma, in order
to avoid the evanescent region associated to the cutoff layer. If we force (2.14b) to be
n⊥ > 0 we find a threshold for the plasma density (one species),
ω2pi > (ω + ωci)ωcin2∥ (2.18)
Condition L gives the cutoff associated with the ion-ion hybrid resonance. For a two
species plasma this cutoff is approximately,
ωcut = ωc1
[
1 + f1Z1
(
Z2m1
Z1m2
− 1
)]
(2.19)
If we compare eqs. (2.17) and (2.18) we realise that ωii < ωcut for a given magnetic
field. This implies that for a given frequency the ωii will be on the left of ωcut. So we
could place the antenna in the high-field side and work in the mode-conversion regime.
This in practice is not done due to technical problems associated with the limited space
and access on the inside of the torus. The heating of tokamak plasmas is carried out
via ion cyclotron resonance instead of mode-conversion regime.
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2.3.2 Minority heating
In the case of placing the antenna in the low-field side and using the ion cyclotron
resonance to heat the plasma we must pay attention to the wave dispersion, in other
words, to the polarisation of the electromagnetic wave. It is the next fundamental
step as collisionless cyclotron damping of ions is proportional to the amplitude of the
left circularly polarized wave (E+). Normally, the fast wave that reaches the resonant
region is elliptically polarized. Therefore the fraction of power absorbed depends upon
the ratio of E+/E−. This is easily obtained making use of eq. (2.5), and for a single
ion species,
E+
E−
≃ εxy + ε⊥
εxy − ε⊥ =
ω − ωci
ω + ωci
(2.20)
For ω = ωci the left circularly polarized wave (E+) completely vanishes. This means
that absorption is very small since the wave is completely right polarized.
In order to avoid this undesirable situation there are two main ways: using higher
harmonics of the ion cyclotron frequency, minority heating or as the newly being
investigated three ion species. The former solves this situation trivially, just by
substituting in eq. (2.20) one sees that E+ turns to be different from 0. As ω = lωci
where l = 1, 2, ... it implies that,
E+
E−
= n+ 1
n− 1
Minority heating is based in adding a small amount, normally a few percent, of an
ion species with higher ion cyclotron frequency. The point is to choose ICH frequency
to correspond l = 1, the fundamental of the minority species. The dispersion relation
is mostly determined by the majority species and therefore E+ should not vanish. Now
if we remind of eqs. (2.17) and (2.19) we see that both are lower frequencies than the
fundamental minority resonance frequency. This means that we can place the antenna
in the low-field side and we can achieve good accessibility. This is true if the charge to
mass ratio of the minority species is larger than for the majority.
However, a deeper analysis shows that E+ turns to be small at both ion cyclotron
frequencies, for majority and minority. The polarisation changes very rapidly near
the minority cyclotron frequency, producing a substantial damping strength. In fact,
Doppler broadening of the resonance is enough to widen the resonance and obtain a
good damping.
Finally, in plasmas with three ion species, there is also another way to provide
E+ ̸= 0. The key idea is to locate the left-hand polarized fast wave cutoff (see eq.
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(2.19)), which largely enhances the associated RF field component E+, close to the
fundamental cyclotron resonance of a minority ion species. This can be achieved by
adjusting the density ratio between the two main ion species. Such three-ion scenarios
can substantially facilitate the use of ICRF for the generation of high-energy ions in
fusion plasmas [26].
2.4 Damping Mechanisms
The relevant electric field component of the electromagnetic wave is the one perpendic-
ular to the background magnetic field. In fact, for practical cases one can approach the
parallel electric field component to be negligible. As the perpendicular electric field
component rotates in the same direction as ions, absorption at the fundamental and
also at higher harmonics (FLR effects) can be important.
Direct electron damping is important although the electric field component for this
process to occur is the one parallel to the background magnetic field. The fast wave
can also undergo mode conversion and all the physics governing the previous wave can
differ from the new one. When mode conversion occurs the new wave can be absorbed
in another part of the plasma.
2.4.1 Damping at the ion cyclotron resonance
Damping of the electromagnetic wave at the ion cyclotron resonance is produced when
the wave frequency matches the ion cyclotron frequency. Considering the fundamental
harmonic an ion will remain in phase with the wave which in turn will be damped
and transfer its energy to the ion. This is only true for small or negligible Larmor
radius. If rL is not small compared with the perpendicular wavelength λ = 2πk⊥ , the
wave electric field will not be only time dependent but also space dependent. So the
electric field will change all along the cyclotron trajectory. It was discussed in section
(1.3.1) for higher harmonics (ω = lωc where l > 1), where FLR effects were responsible
for absorption.
Taking into account a finite Larmor radius with respect to the perpendicular
wavelength at the fundamental ion cyclotron frequency means that either the kick in
energy to the ions can be positive or negative. In other words, the ion can win or lose
energy. As FLR effects are important in both, fundamental and higher harmonics,
one must consider this effect. Moreover for rL > λ it is not only E+ but also E− can
produce absorption.
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The kick in energy for the perpendicular velocity to the background magnetic field
that an ion experiences when passing through a resonance region scales as [10],
∆v⊥ ∝
[
E+Jn−1
(
k⊥v⊥
ωci
)
+ E−Jn+1
(
k⊥v⊥
ωci
)]
, (2.21)
where n is the cyclotron harmonic number and Jn is a Bessel function of the first kind.
The relative phase between the ions and the wave is normally modified by collisions
and non-linearly as result of the wave-particle interaction between successive transits
of the ion through the ICRH resonance region. In this way, ions undergo random kicks
and can either gain or lose net energy from the wave. If more ions lose energy then the
amplitude of the wave grows leading to a possible instability. In any case, when the
distribution of the ions is similar to a Maxwellian distribution (much more ions with
low perpendicular velocities), the energy of the wave tends to flow to the ions.
From eq. (2.21) many physical effects can be inferred.For the fundamental ion
cyclotron resonance the kick in the perpendicular velocity is rather uniform in the
velocity space. Low energy ions are also well accelerated by the wave. For higher
harmonics n ≥ 2, low energy ions are not efficiently accelerated while absorption
increases as the perpendicular velocity does. Normally a maximum is reached in the
MeV range, after that absorption decreases. Thermal plasmas are not properly heated
by ICRH for harmonics n ≥ 2. Moreover, the damping strength decreases with the
harmonic number.
In order to heat the plasma at higher harmonics it is not necessary to use any other
external method to heat it previously in order to tailor it. If initially the density is
high enough and the energy of the plasma is not too low, a tail of energetic ions will
start to form in the distribution function. If these ions keep being confined, more ions
will interact with the electromagnetic wave, improving the absorption.
There are also some velocities at which the kick equals 0 [15]. This happens when,
(E+Jn−1 + E−Jn+1) ≈ 0.
2.4.2 Direct electron damping
Electrons are also heated by the fast wave. The parallel field component of the wave
accelerates the electrons along the magnetic field. This is called electron Landau
damping and as the fast wave has low parallel electric field the absorption is weak.
Electrons have a magnetic moment associated to their cyclotron motion and are also
accelerated by the parallel gradient of the wave magnetic field. This is the transit-time
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magnetic pumping (TTMP). Both processes counteract each other, reducing the total
absorption.
2.5 The distribution function
For a complete definition of a plasma composed by N particles one must solve the 3N
equation of motion F⃗i = mia⃗i where the force acting on the i-th particle is composed
by the influence of all the other particles. Furthermore, it is needed to know the initial
position and velocity of each particle leading to a total of 6N parameters. This is not
only prohibitive from the analytic point of view but also from the computational one.
The treatment of the system in a macroscopic scale turns to be simpler. Pressure,
temperature, density and flow are magnitudes that can describe the system also locally.
In kinetic theory the most important quantity is the distribution function f(r,v, t).
It expresses the density of particles in a six-dimensional phase space,
∫
drdvf = N .
However, the distribution function can be normalized as
∫
drdvf = 1, in this case
fdrdv represents the probability of finding a particle in the volume drdv.
As the probability function can be modified by ICRH waves, it will evolve in time.
As the number of particles must be conserved, f must satisfy the continuity equation
∂f
∂t
+∇r,v((v⃗, a⃗)f) = 0.
If the Hamiltonian equations of motion are satisfied the kinetic equation becomes the
Boltzmann equation,
∂f
∂t
+ v⃗ · ∇rf + F⃗
m
· ∇vf = ∂f
∂t
∣∣∣∣∣
coll
. (2.22)
Here F⃗ refers to the external forces, while the term on the right refers to the internal
forces (collisions between particles).
In the ICRH field, the evolution of the velocity distribution function of the resonating
ions is described by the Fokker-Planck equation. Formally the equation is as follows [1],
∂f
∂t
= − ∂
∂X
· (⟨∆X⟩f) + 12
∂2
∂X2
: (⟨∆X∆X⟩f). (2.23)
Where X represents a point in the phase-space and the double dot (:) is the double
dot product. The quantities in brackets are the mean values during a time ∆t, these
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average changes are called, ∆X (friction coefficient) and ∆X∆X (diffusion coefficient),
⟨∆X⟩ ≡ 1∆t
∫
d(∆X)∆Xψ(X,∆X).
The function ψ(X,∆X) gives the probability that X changes by an amount ∆X.
2.5.1 Collisional heating
When ions are heated by ICRH waves they will slow down via collisions, these processes
will modify the distribution function. Ions can collide with other ions or with electrons,
it is determined by a threshold energy called critical energy [14],
Ecrit = 14.8ATe
∑
j
njZ
2
j
neAj
 23 . (2.24)
Here A is the atomic number and Te is the electron temperature, the sum is over
thermal ion species. At this energy ions transfer energy equally to both, ions and
electrons. Above this energy ions collide with electrons, as ions are much more massive,
during the deceleration they will not change much their trajectory. Therefore, the
pitch angle cosθ = v∥/v will remain almost constant. Below this energy fast ions will
collide with thermal ions. In this regime pitch angle scattering is important and also
energy diffusion. It is important to keep resonating ions below this energy in order to
obtain bulk ion heating.
The collision frequency decreases sharply with velocity, scaling as v−3 at high
velocities. This means that collisions are not fast enough to relax the fast ions and
often the distribution function becomes strongly non-Maxwellian. The fast wave
accelerates ions mainly in the perpendicular direction of the magnetic field. So ions
increase their perpendicular velocity v⊥ ≫ v∥, producing an anisotropic tail in the
perpendicular direction with a large number of trapped ions.
2.5.2 Fast ions
As explained in section (2.4.1) fast ions are produced by the energy absorbed from
ICRH waves. Since these ions acquire energy in the resonance regions they become
more energetic, developing a tail in the distribution function (as explained in section
2.5.1). They will slow-down by collisional relaxation, but for high velocities collisions
are not frequent enough to avoid the distribution function becoming non-Maxwellian.
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Fast ions need to be studied, in this MSc thesis they are described using some
parameters ( Table 2.1). It is important to have a clear idea of the behavior of fast
ions in order to achieve a good bulk ion heating. Bulk ion heating is important since
we want the energy from fast ions to spread to the bulk volume of ions in order to
achieve the optimal temperature to make fusion occur.
Parameter
pf Kinetic pressure
βf βf -factor
⟨βf⟩ Average βf -factor
max|R∇Rβf | Gradient of βf -factor
nf Density
⟨Ef⟩ Average energy
Ecrit Critical energy
vf/va Ratio of fast and Alfvén velocities
τs Slow-down time
δp/a Orbit shift from magnetic flux surface
Table 2.1 Fast ion parameters
The subscript f stands for fast, so all the parameters with this subscript are referred
to fast ions. For example, kinetic pressure pf is the pressure exercised only by the fast
ions. The βf is the ratio between the kinetic pressure and the magnetic pressure,
βf =
pf
B/(2µ0)
. (2.25)
The magnetic pressure is always bigger than the kinetic pressure. The max|R∇Rβf |
represents the maximum slope of βf in the major radius axis. Multiplying the slope
by the major radius gives the maximum value that βf could reach. The density nf
is important to compute the energy of the fast ions while the average energy value
⟨Ef⟩ of the fast ions should stay below the critical energy Ecrit if we are supposed to
heat the bulk ions as stated in section (2.5.1). The slow-down time (τs) is the mean
time ions become thermal again by collisional relaxation, so there exist two types of
slow-down times, by ion-ion collisions or ion-electron collisions. It is related with the
energy of the tail ions in the distribution function as the energy of the fast ions is
Efast ≈ pabs τs/2 and f ∝ exp(−E⊥/Ttail) where Ttail ≈ Efast/nfast.
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The orbit shift from the magnetic flux surface is the width of the orbit when mostly
trapped ions change of magnetic flux surfaces with turning points close to ω = lωci
(Fig. 2.1).
Fig. 2.1 Approximated magnetic surfaces (black), orbit of the trapped particle (red) and
δp (blue).
2.6 Modelling of ICRH heating
The modelling of ICRH can be divided into two main parts. The first one is coupling,
propagation and absorption of the wave in the plasma, while the second one is the
evolution of the distribution function of the resonating species. Since the propagation
and absorption of the wave depend on the distribution function of the resonating ions,
which also depends on the absorbed power, the two problems are coupled and have to
be solved self-consistently (Fig. 2.2).
2.6.1 Modelling of the deposition power
As stated in section (2.1) all the physics of the wave are contained in eq. (2.5). In
order to compute the propagation, coupling and absorption of the wave, the equation
must be solved. The dielectric tensor (ε¯) (2.12) must be known to effectively solve the
equation.
Decomposing the dielectric tensor into its Hermitian and anti-Hermitian parts as
ε¯ = ε¯H + iε¯A, the irreversible dissipation of the wave is governed by the anti-Hermitian
part ε¯A. While the Hermitian part of the dielectric tensor is almost not affected
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Fig. 2.2 Scheme of the coupled problem. The propagation and absorption are computed
using the dispersion relation while the evolution of the distribution function uses the
Fokker-Planck model.
by deviations from the thermal equilibrium, they can have an important impact on
the anti-Hermitian part. As the anti-Hermitian part is proportional to the particle
distribution functions and their gradients in velocity space, it is affected by the presence
of energetic ions [2]. The presence of energetic ions strongly modify the absorption of
the fast wave as stated in section (2.4.1).
The parallel velocity of the particles, although not directly related with the absorp-
tion nor the propagation of the wave, it is important for the Doppler effect involved
in the resonant condition of eq. (1.2). The parallel velocity distribution function
determines the broadening of the deposition profile, affecting the absorption. While
the perpendicular velocity of the particles affects the absorption strength.
The mode-converted waves require more study, not only for the power deposition but
also for the frequency at which they are produced. The Budden model which describes
the physics of a cutoff-resonance pair gives a simple description of resonant absorption
and tunneling. The Budden model [3] states that the transmission coefficient, T ,
defined as the fractional power transmitted across the wave resonance for unit incident
power, is given by T = e−πk0∆x, where k0 is the wave number far from the cutoff and
∆x is the separation between the cutoff and the resonance. T does not depend whether
the wave encounters the cutoff or the resonance first. However, for reflection there
exist an asymetry, if the wave encounters resonance region first the reflection coefficient
is described as R = 0. If the wave encounters the cutoff first, then R = (1− T )2. This
is the case relevant for most present day fusion experiments.
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2.6.2 Modelling of the evolution of the distribution function
The evolution of the velocity distribution function of the resonating ions can be
described by an orbit-averaged Fokker-Planck equation
∂f
∂t
= ⟨Q(f)⟩+ ⟨C(f)⟩. (2.26)
Here the brackets represent the average over a drift orbit, Q(f) is a quasi-linear
diffusion operator describing wave-particle interaction and C is a collision operator. In
the orbit-averaged Fokker-Planck equation, the distribution function is a function of
the constants of motion describing the single particle motion. For small orbit width,
the equation is two dimensional in velocity space with the velocity and the magnetic
moment as constants of motion. The two dimensional equation was used by Stix [17],
who was the first to study the velocity distributions of the resonating ions in the
presence of ICRF heating.
However, if the radial widths of the orbits are taken into account, eq. (2.25) becomes
three dimensional, and three invariants are required. With the invariants (E,Λ, Pϕ),
where Λ = µB0
E
, and B0 is the magnetic field at the axis, the orbit averaged quasi-linear
operator takes the form [12]
⟨Q(f)⟩ =∑
N
LN(DNRFLNf) (2.27)
where
LN =
∂
∂E
+ nωc0 − Λω
ωE
∂
∂Λ +
N
ω
∂
∂Pϕ
, (2.28)
and the diffusion coefficient is given by
DNRF =
1
4ω2
∑
R
(Ze)2
|nω˙cR|v
2
⊥R
[
E+Jn−1
(
k⊥v⊥R
ωcR
)
+ E−Jn+1
(
k⊥v⊥R
ωcR
)]2
, (2.29)
the subscript R refers to a quantity evaluated at a resonance.

Chapter 3
Modelling of ICRH with the PION
code
In this chapter an explanation of the steps to model ICRH and the PION code used
for the analysis at DEMO is made. As mentioned in section (2.6), the modelling of
ICRH can be divided into two main parts. Here a description of the way to perform
the power deposition calculation, the Fokker-Planck calculation and the coupling of
both calculations is made.
Regarding to PION, in the late eighties at JET, quantities directly affected by
ICRH heated fast ions began to be measured routinely (non-thermal neutron rates, fast
ion energy contents...) PION was designed as a simplified wave modelling code. The
PION apporach includes the most important effects of ICRH and the results obtained
are robust. PION has been extensively benchmarked against JET results.
3.1 The PION code
PION is a code based on simplified models that obtains results in a fast way. PION
is able to solve the evolution in time of the distribution function and to compute the
absorption of the electromagnetic wave. As commented in section (2.6) this problem
must be solved self-consistently. PION simulations consist in a number of time steps.
First of all, for each time step, the power absorbed is calculated. This information is
then used for computing the distribution function with a Fokker-Planck model, which
will be used to compute the absorption power at the beginning of the next time step,
and so on.
Other codes can be used, for example, using a full wave code coupled with a two
dimensional Fokker-Planck code, but these codes need long execution time to run, while
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PION solving 1D Fokker-Planck equation is an ideal code to analyze a big number of
shots. The main scheme that PION uses to compute the power deposition and the
evolution of the distribution function is now presented.
3.1.1 Power deposition
The power deposition model was developed by Hellsten and Villard [9], it is based on
fundamental observation of wave fields in a tokamak. The model was partly obtained
by analysing results from the full wave code LION [22, 25]. Therefore the deposition
profiles are in good agreement with those obtained with LION.
By Fourier decomposing the launched wave in the toroidal direction and calculating
the power deposition for each toroidal mode number one can compute the power
deposition [9, 21]. The model is based on a superposition of two components, one in the
limit of strong absorption and the other in the limit of weak absorption. For a strong
absorption, the damping is focused at the first passage of the wave, and the power
deposition is controlled by Doppler broadening of the cyclotron resonance (eq. 2.6).
While for weak absorption, the wave field fills much of the poloidal cross section, and
the power deposition is determined by the wave field distribution and the absorption
strength along the cyclotron resonance.
The averaged Poynting flux within a flux surface for a toroidal mode number N
and a given Fourier mode is
P (s) = αsPs(s) + (1 + αs)P2(s), (3.1)
where Ps(s) =
∑
j Psj(s) and P2(s) =
∑
j Pwj(s) stand for strong and weak absorption
where the sum runs over all the resonating ion species and electrons, αs is a constant
and s =
(
ψp−ψp0
ψpa−ψp0
) 1
2 is a normalized flux surface, where ψp is the poloidal flux and
the subscripts a and 0 represent the plasma boundary and the center of the magnetic
axis respectively. As commented before, Ps and Pw depend on different quantities,
Psj = Psj(s,N, ⟨v2∥j⟩) and Pwj = Pwj(s, aj(s), F (s)), where ⟨v2∥j⟩ is the averaged square
parallel velocity of species j. aj(s) is the absorption strength of species j along the
cyclotron resonance and the function F (s) represents the averaged electric wave field
strength along the cyclotron resonance in the limit of weak absorption. The expressions
for direct electron damping, which is due to electron Landau damping (ELD) and
Transit Time Magnetic Pumping (TTMP) are more complicated and can be checked
in [21].
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The locally averaged flux surface power density is
p(s) =
dP (s)
ds
dV
ds
(3.2)
where dV is the volume enclosed by a flux surface. The constant αs is given by
αs = a2s(2− as) [9], and
as =
ω
2πPx
∫
Im(E⃗∗ · ε¯ · E⃗)dx (3.3)
is the single pass absorption coefficient calculated in the mid-plane (the horizontal
plane through the magnetic axis),* denotes a complex conjugated quantity, Px is the
incoming Poynting flux and the x axis is across the resonance layer. The contributions
from different particle species to the single pass absorption coefficient are calculated
using the Wentzel-Kramers-Brillouin (WKB) approximation, which in the absence of
mode conversion gives
as =
∑
j
asj =
∑
j
∫ ∞
−∞
k20
|k⊥|
Im(εjxx)
∣∣∣∣∣∣ εxyεxx − n2∥
∣∣∣∣∣∣
2
+ Im(εjyy) + 2Re(εjxy)Im
 εxy
εxx − n2∥


× e−
∫ x
−∞ 2Im(k⊥(x
′))dx′
dx
(3.4)
where εj is the contribution of the ion species j to the dielectric tensor, and k0 = ωc .
Mode conversion...
3.1.2 Fokker-Planck calculation
The evolution of the velocity distribution function can be described by a Fokker-Planck
equation (2.26), in order to reduce the computing time, the full two-dimensional
velocity distribution is not solved. Instead, the one-dimensional pitch-angle-averaged
Fokker-Planck equation is solved [13],
∂f
∂t
= 1
v2
∂
∂v
[
−αv2f + 12
∂
∂v
(βv2f)
]
+ 1
v2
∂
∂v
[
v2DRF
∂f
∂v
]
(3.5)
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where the first term on the right-hand side is the collisional operator while the
second term is the wave-particle interaction operator. The diffusion coefficient is
DRF =
∑
N
K
∣∣∣∣∣Jn−1
(
k⊥v⊥
ωci
)
+ E−
E+
Jn+1
(
k⊥v⊥
ωci
)∣∣∣∣∣
2
(3.6)
where K is a constant proportional to |E+|2, the collisional coefficients α and β can be
found in [6].
The averaged square parallel velocity ⟨v2∥j⟩ which is needed for the power deposition
calculation is obtained with an ad hoc formula [4],
⟨v2∥j⟩ =
∫
µ2effv
2f(v)dv∫
v2f(v)dv (3.7)
where the effective averaged-pitch-angle is calculated as,
µ2eff =
1
3
1 +
(
v
v∗
)2
1 +
(
v
v∗
)2
+
(
v
v∗
)4 , (3.8)
with v∗ = 0.5vγ . Here, vγ is a characteristic velocity above which pitch angle scattering
becomes weak [17]. The ratio between v∗ and vγ has been obtained by fitting the
expression in eq. (3.8) to calculations of µ2eff made with the 2D Fokker-Planck code
BAFIC [19].
Finite orbit widths can play an important role for the fast ions produced by ICRH
heating. For example, the energy density of the fast ions and the collisional power
transfer to the background plasma can be significantly affected. Finite orbit width
effects are taken into account in PION by assuming that the fast ICRH accelerated
ions are trapped and that they have turning points close to the cyclotron resonance
(ω ≈ nωci). The collision coefficients used in the Fokker-Planck calculation are then
averaged over the resulting orbits. This means that a fast trapped ion is identified with
the flux surface it has its turning point on, which is also near where the ion interacts
resonantly with the wave field.
3.1.3 Coupling of Fokker-Planck and power deposition calcu-
lations
The model for the distribution function presented above is sufficient to calculate most
of the quantities which are normally of interest, such as the collisional power density
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transfer from resonating ion species to the background ions and electrons, energy
density (parallel and perpendicular) of the resonating ion species and fusion reactivity.
The Fokker-Planck calculation also provides parameters which are needed to evaluate
the dielectric tensor components used in the power deposition calculation (including
finite Larmor radius terms to all orders in the anti-Hermitian part). In order to
make the absorption strength in the power deposition calculation consistent with the
Fokker-Planck calculation, we use a simplified model for the dielectric tensor [11]. This
model requires three parameters, in addition to ⟨v2∥j⟩ . These parameters are described
below.
For each toroidal mode number N , the ICRH diffusion tensor, DRF , can be divided
into three components:
D+RF,N = KN
∣∣∣∣∣Jn−1
(
k⊥v⊥
ωci
)∣∣∣∣∣
2
(3.9a)
D−RF,N = KN
∣∣∣∣∣E−E+Jn+1
(
k⊥v⊥
ωci
)∣∣∣∣∣
2
(3.9b)
DcRF,N = 2KNRe
[
E−
E+
Jn+1
(
k⊥v⊥
ωci
)
Jn−1
(
k⊥v⊥
ωci
)]
(3.9c)
The power density absorbed due to these components by species j from a wave
with a toroidal mode number N can be written as,
pjσ,N = 2πmj
∫ ∞
0
1
v2
∂
∂v
(v3DσRF,N)fjv2dv, σ = +,−, c. (3.10)
There are three factors used in the power deposition calculations,
γj+,N =
pj+,N
pjM+,N
, γj−,N =
pj−,N
pjM−,N
, γjc,N =
pjc,N
pjMc,N
, (3.11)
where the superscript M stands for Maxwellian. So these are the ratios between the
actual distribution function and a Maxwellian function with the same density as the
actual distribution function but with temperature njkT = 12m⟨v2∥j⟩.
These three factors are used to compute the dielectric tensor ε¯.Neglecting the
parallel electric wave field, the local absorbed power can be written as,
pjRF =
ω
2πIm(E⃗
∗ · ε¯ · E⃗) = ω2π{|E+|
2
[
Im(εjxx + εjyy)− 2Reεjxy
]
+
+ |E−|2
[
Im(εjxx + εjyy) + 2Reεjxy
]
+ 2Re(E+E∗−)Im(εjxx − εjyy)}.
(3.12)
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Thus, the absorption strength in the power deposition calculation is consistent with
that in the Fokker-Planck calculation when the following relations hold:
Im(εjxx + εjyy)− 2Re(εjxy) = γj+,N
[
Im(εj,Mxx + εj,Myy )− 2Re(εj,Mxy )
]
(3.13a)
Im(εjxx + εjyy) + 2Re(εjxy) = γ
j
−,N
[
Im(εj,Mxx + εj,Myy ) + 2Re(εj,Mxy )
]
(3.13b)
Im(εjxx − εjyy) = γjc,N
[
Im(εj,Mxx − εj,Myy )
]
. (3.13c)
From the above equations one can find the anti-Hermitian parts of the dielectric tensor,
Im(εjxx), Im(εjyy) and Re(εjxy), in terms of the gamma factors (3.11) and the Maxwellian
contributions to the dielectric tensor which can be found in textbooks. Corrections to
the Hermitian parts are more difficult to calculate and a simple approximation is used
[11] in PION.
Fig. 3.1 Flow chart of the PION code.
Chapter 4
Analysis of ICRH at DEMO
In this chapter an assessment of the effect of ICRH on plasma at DEMO is made.
Electricity production by a thermonuclear fusion power plant (DEMO) should be
achieved by 2050 [7] according to the present fusion roadmap. ICRH heating has
been proved to be a successful method to heat ion bulk and electrons in present day
tokamaks. ICRH has a number of advantages: high wall plug efficiency and low cost
per MW of generated power, possibility to ensure central heating and current drive
as the fast wave has no high density limits and availability of the technologies for
generators and antennas [27].
This work is focused on the ICRH bulk ion heating at DEMO. The study is based
on analyzing how ICRH and plasma parameters like wave frequency (ω), plasma
temperature (T ) or plasma density (ne) affects bulk ion heating. The results are
discussed and analyzed for each case and at the end a table with the efficiency for each
scenario is shown. The work brings some insight in which are the scenarios that show
a good behavior for bulk ion heating at DEMO. Other previous works on ICRH at
DEMO are focused on the fast wave current drive, see [5, 27].
ICRH modifies the distribution function which develops a tail in the high energy
region. The fast ions produced by the energy absorption from the electromagnetic
waves play an important role in heating the bulk plasma. Therefore, it is crucial to
know how the energy of the wave is distributed among ions and electrons, and how the
fast ions produced deliver their energy to the other particles, ions and electrons.
In this sense, the analysis here presented, takes into account the evolution of
the fast ions and assesses their behavior at DEMO. The ICRH scenarios studied are
ω = 2ωT = ω(3He) with and without 3He in a 50:50 D-T plasma. Plasma parameters,
as temperature T and electron density ne, are scanned in order to obtain the best
behavior of the fast ions.
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4.1 ICRH scenarios
The scenario is for a standard midplane launch with thermal plasma (there is no
ICRH+NBI interaction) and the toroidal mode number Nϕ ≃ Rk∥ is fixed. The basic
parameters are shown in the following table (Table 4.1). Although there are many
cases studied, there are two of them that are analyzed deeper, they correspond to
T = 30 keV and for densities ne = 1020 and ne = 1.2 · 1020 m−3. The case with
ne = 1.2 · 1020 m−3 and T = 30 keV is the DEMO design point. All the results (figures)
must be assumed for the DEMO design point and for a frequency of f = 70 MHz if
the contrary is not said. Here ne is the electron density
ne =
∑
i
niZi, (4.1)
here the subscript refers to all ion species where ni is the density and Zi the atomic
number of the i-species. The scenarios presented in this MSc thesis are two: the
minority heating with 3He and the pure tritium (T) scenario. The minority heating
with 3He is studied firstly for a typical concentration of 5%, then, other cases with
different concentrations of 3He are also studied. A scan over different concentrations
of 3He is presented at the end, highlighting the most important features. The pure T
scenario is a 50:50 D-T plasma without 3He dilution. For both cases the frequency of
the electromagnetic wave is ω = ω3He = 2ωT , i.e. the 2nd tritium harmonic. For the
minority heating the resonance is produced at the fundamental of 3He while for the
second harmonic tritium scenario the resonance is at the second harmonic of T.
Parameter DEMO ITER
Toroidal magnetic field (T) 6.8 5.3
ICRH frequency (MHz) 66, 70, 74 52.5
Resonance location ( rres
a
) 0.2 (LFS), -0.05, -0.2 (HFS) 0.05
ICRH Power (MW) 100 20, 40
Toroidal mode number Nϕ 50 30
Table 4.1 ICRH parameters at DEMO and ITER
ITER values are also presented in Table 4.1 in order to have a reference to compare
with. The analysis is made for three different frequencies as seen in table 4.1. The
resonance location varies with the wave frequency (ω) as seen in Fig. 1.10. The three
frequencies used, i.e. 66, 70 and 74 MHz refer to the LFS, the center and the HFS
respectively.
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4.2 Minority heating with 3He ω = 2ωT
4.2.1 Minority heating with 5% of 3He
The first scenario assessed is for a plasma composed with 5% of 3He. The analysis is
done for the 3He ion cyclotron resonance in the center of the plasma, although the
power absorption profiles for off-axis heating are also presented. For the scenario with
ne = 1020 m−3, T = 30keV , N = 50 and PICRH = 100 MW the power absorption
profiles are shown in Fig. 4.1
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Fig. 4.1 Comparison of absorption power on axis and off-axis.
Direct electron damping strength is stronger than ion absorption for HFS and
central heating. As the distance of the resonating region from the antenna increases
direct electron damping grows, the wave has to propagate further until reaching the
resonating region while being damped by the electrons. The power partitioning not
only depends on the relative distance between the antenna and the resonance region
but also on the plasma parameters.
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Fig. 4.2 Scan in ne and Te, 3He (black), electrons (red) and tritium (green). Black dots
represent the DEMO design point.
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The power absorbed by 3He decreases as T and n increase, on the other hand,
direct electron damping increases with T and n (Fig. 4.2a). So, as the electron density
is increased, the average energy of fast ions ⟨Ef⟩ decreases, this fact reduces the fast
ions pressure pf =
nfmv
2
f
3 . At the same time the beta parameter βf for fast ions will
be reduced. This behavior is shown in Fig. 4.3, the different curves represent βf and
pf for different total densities ne. The peaks are localized near the center (s ∼ 0.05)
in the resonance region where most of the electromagnetic power is absorbed. Both
magnitudes are related with eq. 2.25. Fast ion βf and pf become negligible for flux
surfaces far from the resonance region, in fact, at s = 0.3 its magnitude is almost 0.
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Fig. 4.3 βf parameter and fast ion pressure (pf) scan in electron density.
The power transferred collisionally from 3He to bulk ions and electrons is presented
in Fig. 4.2b. The power partitioning (Fig. 4.2a) and the power transferred collisionally
(Fig. 4.2b) show that the efficiency in which the energy is transferred to the bulk
ions grows with the density. As for example, at a density of ne = 0.6 · 1020 m−3 and
T = 30 keV only the 64% of the energy absorbed by 3He is transferred to the bulk
ions, while at ne = 1.2 · 1020 m−3 and T = 30 keV a total of 99.6% of efficiency is
reached. This is due to the average energy of the fast ions. For low density scenarios
the energy absorbed by the 3He is higher than for increasing densities. This implies
that the average energy for fast ions is bigger at lower densities and, therefore, it gets
closer to the value of the critical energy Ec eq. (2.24). From Fig. 4.2b it is obvious
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that in no case average fast ions energy is over the critical energy since the largest
fraction of power is transferred to the bulk ions. In this sense collisional bulk ion
heating dominates.
The evolution of the power absorption profile for 3He broadens as the fast 3He tail
develops in time. The average fast ion energy is rather low ≈ 200 keV . Therefore, fast
ion orbits follow the magnetic field lines rather than becoming trapped.
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Fig. 4.4 Time evolution of the power deposition profile.
As it is expected, the tail of fast ions becomes more relevant as closer to the resonant
region, where the fast ion population grows. The tail in the fast ions population is
developed during all the process until the steady state where it reaches energies of
about 1.2 MeV. It is also noticeable that for high energies the values of the distribution
function are higher than the ones at the beginning of the process. This high energy
tail formation causes the broadening in Fig. 4.4, almost all the energy of the wave is
in the perpendicular direction of the background magnetic field, this energy is being
absorbed by the particles where the wave-particle resonance occurs. As particles absorb
the energy from the wave, their velocity is increased in the perpendicular direction
(increasing v⊥ mainly), causing the broadening of the orbits around the magnetic field
lines (banana orbits), moving to another flux surface.
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Fig. 4.5 Comparison of the evolution of the distribution function. The initial state is
after the wave has been launched so the distribution function is non-maxwellian.
Fast ion parameters for the design point of DEMO are presented in (table 4.2),
Parameter DEMO 100MW DEMO 50 MW ITER 40 MW
n (1020 m−3) 1.2 1.2 1
T (keV ) 30 30 25
fICRH (MHz), N 70, 50 70, 50 52.5, 30
Pf (0) (MW/m3) 0.44 0.34 0.38
βf (0) (%) 0.07 0.06 0.08
⟨βf⟩ (%) 0.009 0.008 0.013
max|R∇Rβf | 5 5 4
nf (0) (1018 m−3) 1 0.8 0.7
Ef,ave (keV ) 200 110 140
Ef,ave/Ecrit 0.25 0.17 0.21
τs,e−i, τs,i−i (s) 1.1, 0.01 1.1, 0.01 1.0, 0.01
δp/a 0.05 0.05 0.06
vf (0)/vA 0.36 0.19 0.28
Table 4.2 ICRH-driven fast ion parameters for minority heating of 3He 5%.
Some of the most relevant fast ion parameters are showed in Table 4.2. The density
power of the fast ions and also the β-parameter decrease as the power of the wave
decreases. The average fast ion energy is rather low (200 keV) and the ratio between
the average and the critical energy is 0.25. As the ratio is lower than 1 the slow-down
time is higher for ion-electron collisions than for ion-ion collisions. So fast ions will
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relax by ion-ion collisions (τs,i−i < τs,e−i), i.e. the power is transferred to bulk ions.
The orbit shift from magnetic flux surfaces (δp) is approximately of 10 cm.
4.2.2 Minority heating with 4% 3He
Other interesting cases for minority heating is the composition of 3He at slightly
different concentrations. Here, the study of 4% case is presented, the differences with
the 5% case are highlighted and contrasted with the theory, eventually, a scan in the
concentration of 3He is shown giving some insight into the most relevant magnitudes
such as fusion yield and power absorbed and transferred to bulk ions. The results for
4% case are presented following a similar analysis made for 5%. The profiles for power
absorption with ne = 1020 m−3, T = 30keV , N = 50 and PICRH = 100 MW are,
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Fig. 4.6 Comparison of absorption power on axis and off-axis cases.
The profile shape is the same as in Fig. 4.1, where, again, the off-axis case at the
HFS is the one with the most direct electron damping, while at the LFS 3He absorption
clearly dominates.
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Fig. 4.7 Scan in ne and Te, 3He (black), electrons (red) and tritium (green).
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For all temperatures and densities the power absorbed by 3He (Fig. 4.7a) is higher
than the one from 3He 5% case (Fig. 4.2a). Direct electron damping is, therefore,
reduced. This plot shows a good behavior from the point of view of wave damping,
but, the most important point is what fraction of the absorbed energy is transferred to
the bulk ions.
Critical energy is reached or even surpassed at low densities (Fig. 4.7b). In this
case ions collide with electrons while slowing down, giving most part of their energy.
This phenomena is not related to the number of fast particles (Fig. 4.8a) but to the
higher power absorbed with respect to the 5% case. For lower electron densities ne,
electron damping is not strong and the power absorbed by ions is high. Therefore,
the distribution function shows more energetic ions than for higher total densities
(4.8b). The critical energy is sensitive to the concentration of the species and is also
proportional to niZ2i but reducing 1% of 3He concentration has a negligible impact on
reducing the value of the Ec. Therefore, the fact that in the 4% case the fast average
ion energy surpasses the critical energy is only due to a higher fast average ion energy
with respect to the 5% case.
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Fig. 4.8 Effects for fast ions energy over Ec.
For scenarios with higher density the average energy of fast ions decrease and
ion-ion collisions dominate. At the design point, DEMO achieves more or less the same
power absorption for ions than in the previous case for 5% while at n = 1020 the power
absorption is substantially higher.
The evolution in time of the power absorption of 3He (Fig. 4.9) is in good agreement
with Fig. 4.7a. The broadening of the profile is again developed by the high energy tail
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formed in the distribution function. The power absorbed is higher for the initial state
and the steady state with respect to Fig 4.4. This is due to an enhanced polarization
where E−
E+
is higher than in the previous case. The distribution function shows again
a similar profile, and in the Fig. 4.11 one can notice the development of the high
energy tail for inner flux surfaces. The high energy tail is more pronounced at inner
flux surfaces near the resonance region, while at flux surface s = 0.5 the value of the
distribution function is the same for the initial and the steady state, as it is expected.
For outer flux surfaces the same occurs.
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Fig. 4.9 Time evolution of the power deposition profile.
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Fig. 4.10 Comparison of the evolution of the distribution function. The initial state is
after the wave has been launched so the distribution function is non-maxwellian.
In order to see in detail the tailoring in the fast ions population the next figure
Fig. 4.11 shows the superposition of figures Fig. 4.10 (a) and (b) where the profile
shows clearly that in the steady state the tail has been developed.
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Fig. 4.11 Comparison of distribution functions at initial and steady states.
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The fast ion parameters for this case are presented in the following table (Table
4.3).
Parameter DEMO 100MW
n (1020 m−3) 1.2
T (keV ) 30
fICRH (MHz), N 70, 50
Pf (0) (MW/m3) 0.79
βf (0) (%) 0.17
⟨βf⟩ (%) 0.019
max|R∇Rβf | 11.6
nf (0) (1018 m−3) 1.8
Ef,ave (keV ) 153
Ef,ave/Ecrit 0.19
τs,e−i, τs,i−i (s) 1.1, 0.01
δp/a 0.05
vf (0)/vA 0.31
Table 4.3 ICRH-driven fast ion parameters for minority heating of 3He 4%.
The gas of 3He is more energetic in the case of 4% than in 5%. It implies that the
pressure is also higher and, therefore, the β parameter is higher too. In fact, the β
parameter can be seen as the energy contained in the fast ion population.
4.2.3 Scan in 3He concentration
The behavior of plasma is now analyzed for a varying concentration of 3He. First of
all, the reaction rate for both fusion reactions D+3He and D+T (page 2) is studied.
As seen in Fig. 4.12 the reaction rate of D+3He increases with the concentration of
3He. This is in well agreement with the theory, since the reaction rate is defined as
R12 = n1n2⟨σv⟩ (4.2)
where n1 and n2 are the densities for each species involved in the reaction and ⟨σv⟩ is
the average of the cross section and the relative velocity between both species. As the
density is increased the reaction rate is also higher. For the D+T reaction a similar
statement can be done but in the other way around. As the 3He increases for a given
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ne the concentration of D and T decreases which brings the reaction rate to be lower
for increasing concentrations of 3He.
This plot can be used to compute the rate at which DEMO will be needed to
be fed with 3He and to compute the fusion power. For the DEMO design point, at
concentrations of 3He of 4% and 5% are,
Reactionrate FusionPower →
 RD−3He4% = 0.98 · 1018(s−1) FP4% = 1.64 GWRD−3He5% = 1.12 · 1018(s−1) FP5% = 1.54 GW.
The fusion power FP is computed using the reaction rate of D-T with an energy
release of 17.6 MeV per reaction. The reaction rate of D-3He is negligible since there
are 3 orders of magnitude between the total reaction rates. The volume of 3He that
should be pumped in depends on the pressure inside the tokamak, in any case, it can
be computed by knowing the reaction rate for 3He (see section 4.4).
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Fig. 4.12 Reaction rates of D+3He and D+T for each percentage of 3He.
Another important aspect to compare between different percentages of 3He is the
power absorbed by 3He. Two different regions, one region in which the power absorbed
grows with the percentage of 3He until the maximum is reached at 3% and then a region
of negative slope in which the power absorbed decreases (Fig. 4.13). For increasing
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concentration of 3He until 3−5% the power absorbed increases substantially while after
a concentration of 5% the polarization of the wave starts to become less favorable and,
therefore, the absorption power decreases. In this case, for the DEMO design point,
the power that is transferred to the bulk ions population is almost the same between
3− 5%. The relatively large electron heating fraction at lowest 3He concentration are
due to the increase of the average fast ion energy content from 131 keV to 500 keV
when 3He concentration is decreased from 5% to 0.5%. Note that the change in Ec is
due to the change in 3He concentration. For 5% and 0.5% of 3He, Ec equals 794 keV
and 765 keV, respectively. After 3% of 3He the power is mainly transferred to the bulk
ions population which means that the average energy of fast ions is lower than Ec.
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Fig. 4.13 Power absorbed and transferred to bulk ions (MW) BY 3He for each percentage
of 3He.
The same analysis for tritium is also in good agreement with the theory. In this
case, the absorption power of tritium decreases as its concentration does. At low %
the concentration of 3He is low, and so, a significant fraction of the wave energy is
damped by the T population. As the concentration of 3He increases the tritium density
decreases and 3He becomes more relevant in damping the wave as the wave damping is
stronger for the fundamental than for harmonics.
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The power transferred to ions is for all percentages almost the same as the power
absorbed since the tritium represents roughly the 50% of the plasma composition for
all the cases. And so, the average energy for fast tritium ions is far below the critical
energy.
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Fig. 4.14 Power absorbed and transferred to bulk ions (MW) by tritium for each
percentage of 3He.
A rough estimation of the DEMO consumption of 3He taking into account the
fusion reaction D+3He without losses gives an approximation of the 3He feeding for
DEMO. 3He can be bought in bottles of 1L at 21ºC and under 1 atm at a cost of
2.3k € each. For a DEMO shot of 2.3h at T = 30 keV, ne = 1.2 · 1020 m−3 and a
concentration of 5% of 3He the consumption is 9.2736 · 1021 particles/shot. Each bottle
contains (using ideal gas equation) 2.4931 · 1022 particles/bottle. Therefore,
9.2736 · 1021 particles/shot
2.4931 · 1022 particles/bottle = 0.372 bottles→ Price =
2300 AC
bottle
0.372 bottles = 856AC.
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4.2.4 Off-axis resonance at -0.2 (HFS) and 0.2 (LFS)
The off-axis resonance are located at -0.2a (HFS) and 0.2a (LFS). The analysis shown
here is for the evolution of the power absorbed and transferred in function of the
electron density ne and the temperature T .
For the power absorption at the HFS (f = 74 MHz) (Fig. 4.15a) the direct electron
damping plays an important role. Since the electromagnetic wave has to propagate
further into the plasma, electrons are able to damp the wave energy. The behavior
with T and ne is the same as in Fig. 4.2a, as T increases the power absorption by the
3He decreases while direct electron damping becomes stronger. The most remarkable
feature is that direct electron damping is important even at low densities and at
ne = 1.2 · 1020 it dominates except at T = 10 keV .
The power transmitted (Fig. 4.15b) shows that the initial energy absorbed by 3He
actually remains in the bulk ion population. The energy of the fast ions never reach
the critical energy Ec since direct electron damping is strong, leaving a fewer fraction
of energy as T and ne increase. The fraction of energy transmitted to electrons is low
and almost the same in all cases. Therefore, the energy initially absorbed by 3He will
be transferred to the bulk ions.
For the resonance located at the LFS (f = 66 MHz) the power absorption by the
3He turns to be more important while direct electron damping becomes weaker. The
wave propagates into the plasma and finds the resonance layer before reaching the
plasma center. Electrons do not play an important role until high densities are reached,
as it is the case at T = 40 keV where direct electron damping dominates (Fig. 4.16a).
The average energies achieved for fast ions are not high, and, therefore, fast ions
collisions are mainly due to bulk ions (Fig. 4.16b). In fact, power transmitted to
electrons is almost zero as the density grows, it is a similar behavior as observed in the
previous case.
In terms of bulk ion heating efficiency for the 3He 5% case the frequency that
showed the best performance was 66 MHz. Not only the power absorbed by 3He is
increased but also the power transferred to bulk ions. As seen in Figs. 4.15b, 4.16b
and 4.2b, the efficiency is η74 = 23.50%, η66 = 48.10% and η70 = 31.90% respectively.
By placing the resonance layer closer to the antenna (LFS) the efficiency improves
substantially as the wave avoids direct electron damping considerably and the Ec is not
reached for ne = 1.2 · 1020 and T = 30 keV . The efficiency (η) for other concentrations
of 3He are shown in section ??.
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Fig. 4.15 Scan in ne and Te for f = 74 MHz, 3He (black) 3He (black), electrons (red)
and tritium (green).
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Fig. 4.16 Scan in ne and Te for f = 66 MHz, 3He (black), electrons (red) and tritium
(green).
58 Analysis of ICRH at DEMO
4.3 Second harmonic tritium scenario ω = 2ωT
Simulations have been also carried out for the second harmonic tritium (ω = 2ωT )
scenario for a 50:50 D-T plasma. As before, the frequency is set to 70 MHz so the
resonance is located at the center of the plasma. This scenario has two main advantages
in comparison with 3He minority heating. Firstly, that no 3He is required and secondly,
there is no dilution by 3He. The main plasma parameters are the same as the previous
scenario, ne = 1− 1.2 · 1020 m−3, T = 30 keV , N = 50 and PICRH = 100 MW . The
power absorption profiles for ne = 1020 m−3 are shown in Fig. 4.17.
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Fig. 4.17 Comparison of absorption power for axis and off-axis cases.
As in the previous cases direct electron damping is stronger as the resonance layer is
placed nearer to the HFS. Only when the resonance is reached near the LFS (Fig. 4.17
(c)) T absorption is considerably stronger than direct electron damping. So, as the
resonance is produced further from the antenna the electron damping becomes more
important.
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Fig. 4.18 Scan in ne and Te, T (black) and direct electron damping (red) for T scenario.
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The power absorbed by T and direct electron damping (Fig. 4.18a) follows a similar
trend with ne and T as seen in the 3He scenario. As the temperature T and ne increases
the power absorbed by T decreases. Direct electron damping becomes stronger as the
density of the ion population ne increases and also as T increases. The energy of fast
ions for second harmonic is higher than for fundamental as stated in sec. 2.4.1. This
can be seen in Fig. 4.19 where the shape is the same as in the 3He case but the values
of βf and pf are higher due to higher energetic ions.
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Fig. 4.19 βf parameter and fast ion pressure (pf) scan in electron density.
The power transmitted from T, as the density ne remains low, i.e ne < 1.0 ·1020 m−3,
the density of the fast ions is not large enough to maintain its energy under the Ec.
This fact is shown in Fig. 4.18b where the energy transmitted to electrons is larger
than the energy transmitted to ions. The average fast ion energy is higher than the
critical energy Ec. So, for densities from 0.6 to 1.0·1020, fast ions are being slowed
down by collisions with electrons instead with maxwellian ions. At a density of 1.0·1020
the average fast ions energy is lower than Ec. As T and ne increase the profile shows a
tendency to transmit the energy to the bulk ion population. Equation 2.24 is directly
proportional to Te so as Te increases the Ec also does. As the electron density ne
increases the power absorbed decreases and the average fast ion energy is reduced.
For the DEMO design point, defining the efficiency as the power transferred to
bulk ions over the total ICRH injected power, the efficiency is η = 26%.
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The evolution of the power absorption profile for T follows, as it is supposed, a
similar behavior as in the previous cases. The power absorption is mainly concentrated
near the flux surface s = 0, i.e the plasma center. As the development of the high
energy tail evolves the profile broadens since the orbits of the particles broaden as the
kick in energy is in the perpendicular component of the velocity v⊥. This phenomena
can be observed in Fig. 4.20.
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Fig. 4.20 Time evolution of the power deposition profile.
The distribution function is different from the 3He scenario since now the resonance
is produced in the second harmonic of T. This fact changes the diffusion coefficient (eq.
3.6) which at the same time changes the Fokker-Planck distribution function. In the
second harmonic, more energetic ions (normally in the MeV range) tend to absorb the
energy of the electromagnetic wave (see sec. 2.4.1 and eq. 2.21) and the energy of fast
ions is higher than in the previous case for 3He. The distribution function is tailored
for centered flux surfaces and it is almost constant in the range of 0.5 MeV and 4 MeV.
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Fig. 4.21 Comparison of the evolution of the distribution function. The initial state is
after the wave has been launched so the distribution function is non-maxwellian.
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Fig. 4.22 Comparison of distribution functions at initial and steady states.
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4.3.1 Off-axis resonance at -0.2 (HFS) and 0.2 (LFS)
The f = 74 MHz (HFS) case shows a strong direct electron damping (Fig. 4.23).
The wave is strongly damped before reaching the resonance layer. Electron damping
becomes stronger as T and ne increases while the power absorbed by T is weakened as
T and ne decreases. The power transferred is in terms of efficiency really poor (4.24).
Fast ions are really energetic and, therefore, they are over the critical energy Ec. In
fact, the power transferred to the bulk ions is barely the same for all stages. The
energy transferred to the electrons decreases with T and ne as the power absorbed by
T decreases and the fast ions gradually become less energetic. For T = 20 keV fast
ions are never less energetic than Ec.
The ICRH scenario with f = 66 MHz (LFS) shows a strong power absorption by
T (Fig. 4.25). Electron damping becomes more relevant with T and ne but it is not
stronger than ion absorption in any case. Initially, at low density and T fast ions are
above Ec since the power absorbed is really high at LFS (4.26). The energy of fast
ions decreases with T and ne. This brings the power transferred to electrons decrease
and the power transferred to bulk ions increase. At the end point ne = 1.2 · 1020 all
scenarios are under Ec.
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Fig. 4.23 Power absorbed by T (black) and direct electron damping (red) for T scenario.
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Fig. 4.24 Power transferred by T to bulk ions (black) and electrons (red) for T scenario.
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Fig. 4.25 Power absorbed by T (black) and direct electron damping (red) for T scenario.
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Fig. 4.26 Power transferred by T to bulk ions (black) and electrons (red) for T scenario.
4.4 Comparison of 3He minority and second har-
monic tritium scenarios
Two scenarios, 50:50 D-T and minority 3He have been studied. Here, a comparison
between both cases is shown, not only in the ICRH parameters but also in the fusion
yield. First of all, a table containing the efficiency for different cases is shown,i.e. the
power transmitted to the bulk ions from the 100 MW ICRH output power (Table 4.4).
Composition 66 MHz 70 MHz 74 MHz
3He 3% 55.84 35.56 26.65
3He 4% 54.80 32.25 24.37
3He 5% 48.10 31.90 23.50
3He 6% 45.20 31.76 22.54
T 43.00 26.65 15.51
Table 4.4 Efficiency (η) for different scenarios with an ICRH output power of 100 MW
at the DEMO design point.
As stated previously, heating off-axis at the LFS is the most effective case. Direct
electron damping is weaker than the other two cases (f = 70 MHz and f = 74 MHz)
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as the wave reaches the resonating region closer to the antenna. The 3He 3% case
shows the best efficiency with 55.84%. The second harmonic tritium scenario shows an
efficiency of 43%. However, the fusion yield of the second harmonic tritium scenario
is considerably higher than the other cases. As there is no dilution in the 50:50 D-T
composition more fusion reactions take place. The fusion reaction rate for different
concentrations of 3He and for the second harmonic tritium scenario are shown in
(Fig. 4.27),
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Fig. 4.27 Comparison of fusion rate between 3He scenario and pure T scenario.
Chapter 5
Conclusion
This MSc thesis consists in a first study of bulk ion heating at DEMO. Two important
scenarios have been studied: 3He minority and second tritium harmonic scenarios.
The study consisted on an analysis of bulk ion heating and fast ion parameters under
the variation of certain plasma and ICRH parameters. More precisely, a scan in the
electron density ne, electron temperature Te and a variation of the wave frequency has
been made.
3He minority scenario has shown not very energetic fast ion population under ICRH
heating. For most cases the energy of fast ions stayed below Ecrit and the power
transmitted to bulk ions was similar to the power absorbed via wave damping. The
scan of the concentration of 3He showed that a maximum in power absorbed and
transferred to bulk ions is reached at a concentration of 3% of 3He. In fact, heating at
the LFS showed to yield the highest bulk ion heating, a total of 56%.
The second tritium harmonic scenario has two main advantages in comparison with
3He minority heating. Firstly, that no 3He is required and secondly, there is no dilution
by 3He. In this scenario ions heated by ICRH waves become very energetic as second
harmonic produce more energetic ions. Therefore, in many cases fast ions surpassed
the critical energy and so, transferring most of their energy to the electrons. However,
for the DEMO design point the energy of the fast ions was below Ecrit. Heating at
the LFS also yielded a better power absorption and transfer to bulk ions, a total of
43%. Although the efficiency on bulk ion heating is not as high as in the 3He scenario,
second tritium harmonic scenario shows a higher fusion reaction rate (greater fusion
power) as there is no plasma dilution.
Future steps will consist in an analysis of the particles transport under ICRH
heating inside DEMO.
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